
SUDA: 
A Dust Mass  Spectrometer for 

Compositional Surface  
Mapping for the JUICE Mission 

to the Galilean Moons 
S. Kempf1, C. Briois2, H. Cottin3, C. Engrand4, E. Grün1, K. Hand5, H. 

Henkel6, M. Horányi1, M. Lankton1, J.-P. Lebreton2, F. Postberg7, J. 
Schmidt8, R. Srama7, Z. Sternovsky1, R. Thissen9, G. Tobie10, C. 

Szopa11, and M. Zolotov12

1 LASP, CU Boulder, USA, 2LPC2E, Orléans, France, 3LISA, Paris, France, 4CSNSM, Orsay, France, 5JPL, 
Caltech, Pasadena, USA, 6vH&S GmbH, Schwetzingen, Germany, 7IRS, Universität Stuttgart, Germany, 

8University of Oulu, Finland, 9IPAG, Grenoble, France, 10LPGN, Nantes, France, 
11LATMOS, St-Quentin, France, 12Arizona State University, Tempe, USA.



Compositional Mapping
Determine Surface Composition from Orbit „in-situ“



Compositional Mapping

Ejecta Clouds

Determine Surface Composition from Orbit „in-situ“



Compositional Mapping

Ejecta Clouds

22 24 26 28 30 32 3422 24 26 28 30 32 34

 

 

lo
g

 A
m

p
lit

u
d

e

50 100 150 200
Mass (u)

(c
) M

P
I−

K
 S

p
e
ct

ru
m

G
u
i *

 2
0
1
2
−

0
6
−

2
7
T

1
8
:2

8
:4

6
  
<

su
d
a
_
p
yr

o
xe

n
e
_
A

g
_
2
5
0
0
V

.b
in

>

Ejecta Composition

Determine Surface Composition from Orbit „in-situ“



Compositional Mapping

Ejecta Clouds

22 24 26 28 30 32 3422 24 26 28 30 32 34

 

 

lo
g

 A
m

p
lit

u
d

e

50 100 150 200
Mass (u)

(c
) M

P
I−

K
 S

p
e
ct

ru
m

G
u
i *

 2
0
1
2
−

0
6
−

2
7
T

1
8
:2

8
:4

6
  
<

su
d
a
_
p
yr

o
xe

n
e
_
A

g
_
2
5
0
0
V

.b
in

>

Ejecta Composition Ejecta Backtracking

Determine Surface Composition from Orbit „in-situ“



Compositional Mapping

Ejecta Clouds

22 24 26 28 30 32 3422 24 26 28 30 32 34

 

 

lo
g

 A
m

p
lit

u
d

e

50 100 150 200
Mass (u)

(c
) M

P
I−

K
 S

p
e
ct

ru
m

G
u
i *

 2
0
1
2
−

0
6
−

2
7
T

1
8
:2

8
:4

6
  
<

su
d
a
_
p
yr

o
xe

n
e
_
A

g
_
2
5
0
0
V

.b
in

>

Ejecta Composition Ejecta Backtracking

Determine Surface Composition from Orbit „in-situ“

The Next Best Thing to a Lander



1: Ejecta Clouds

Galileo Dust Detector:
Galilean Satellites 

Wrapped in Dust Clouds
(Krüger et al., Nature, 1999)
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Fig. 8. Number density of the dust cloud around Ganymede. Symbols with error bars: number density derived from the Galileo measurements during its
G1 and G7 !ybys. Thick lines: number density in the dust cloud around Ganymede in case of uniform (isotropic) distribution. In these calculations, we
assumed model parameters from Tables 2 and 3. Note that the model curves for the two !ybys are slightly di"erent, because so are the !yby velocity
and therefore the minimum mass of the detected grains. Thin solid line: model calculations of Kr#uger et al. (2000) who assumed a normal ejection from
the surface and a slightly di"erent set of model parameters: Y = 104; u0 = 30 m s−1; ! = 1:6, " = 0:83, Mmax = 10−5 g, Mmin = 10−13 g.
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Fig. 9. Number density of the dust clouds around six saturnian satellites (uniform initial angular distribution of ejecta assumed). Distance from each
moon is scaled with a moon radius. Di"erent model curves for the di"erent !ybys of one and the same satellite (Enceladus, Rhea) appear, because the
!yby velocity and therefore the estimated CDA threshold are di"erent. Each curve is cut at the C/A altitude.

assumed a normal ejection of dust from the surface. A de-
tailed comparison between the model and Galileo data, given
in that paper, applies to the present model. Any tangible im-
provement of the poorly known parameters (yield, slope of
the ejecta speed distribution, etc.) is unfortunately not pos-
sible, because of the scarcity of the data, especially at small
and large altitudes. We can only state that the parameters
chosen are compatible with the data.

4.2. Dust at saturnian moons: Cassini CDA
measurements

Similar to Fig. 8 for Ganymede, Fig. 9 plots the num-
ber density of the dust clouds around all six saturnian
satellites of interest (uniform ejection only). Both $gures
have the same vertical scale, enabling immediate visual
comparison of the number densities in both cases. The max-
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Produce Surface Ejecta
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Mass Yield ~ 4000
Koschny & Grün, Icarus, 2001; Krivov et al., Icarus, 2003

tering angles !, suggesting the photometric
dominance of micrometer-sized grains (9). To
estimate the phase brightening of Amalthea
ring particles, we removed a modeled Thebe
ring contribution and then derived the
Amalthea ring’s vertically integrated brightness
profile from edge-on image 41660888922. We
next divided that curve through by the
Amalthea ring’s expected profile, where we
consider the ring brightness to vary only be-
cause of the changing line of sight (LOS)
through a model ring, in which grains leave the
source satellite and drift inward at a uniform
rate (see below and Fig. 2). Relative to the
expected profile, the Amalthea ring brightens
by an additional factor of 1.3 as ! decreases
from 1.5° to 1.2°. We attribute this increase to
the intrinsic phase function of the ring grains.
For comparison, this relative-brightness factor
would be unity for 1-"m dust, 2.5 for 10-"m
particles, and about 2 for 50-"m grains (10).
Our measurement is consistent with the
Amalthea ring dust being dominantly com-
posed of particles having a radius of 5 "m.
Although such grains dominate in the Galileo
viewing geometry, many other grain sizes may
be present.

The rate at which mass, Mi, is supplied to
a ring in time t due to impacts at speed v on
an isolated satellite of radius Ri is

dMi/dt # $i YFe Ri
2 (1)

where $i is the mass flux density of hyper-
velocity impactors, Y is the impact yield (the
ratio of ejected mass to projectile mass), and
Fe is the fraction of impact ejecta that is
moving swiftly enough to escape the satellite.
Y depends on the projectile’s specific kinetic
energy and is on the order of 10v2 for v in
units of kilometers per second (11). $i in-
creases close to Jupiter where gravitational
focusing causes collisions to be more fre-
quent and more energetic, elevating yields for
similarly sized impactors. On the basis of
empirical fits to hypervelocity-cratering ex-
periments, the fractional mass ejected above
speed v # (vcrit/v)9/4, where vcrit, the mini-
mum speed at which impact ejecta is
launched, is typically 10 to 100 m s%1, de-
pending on the regolith’s nature (1). For an
isolated satellite, the escape speed vesc & Ri

and is #10 to 100 m s%1 for spheres the size
of the jovian ring satellites (Table 1). Hence,
Fe & Ri

%9/4 and dMi/dt & Ri
%1/4 if vcrit ' vesc.

Thus, counterintuitively, smaller moons pro-
vide more escaped ejecta than larger moons
do. The optimum source has a radius such
that its vesc ( vcrit; for a soft regolith and a
density of 2 g cm%3, this radius is 5 to 10 km,
like that of Adrastea.

Because some of the ring moons reside
within Jupiter’s Roche zone, the loss of im-
pact ejecta will be accentuated [(12); figure 4
in (13)]. We computed the speeds at which
ejecta launched at )45° from the local ver-

tical will escape the jovian ring moons from
four equatorial surface locations (leading, Ju-
piter-facing, trailing, and anti-Jupiter) for ho-
mogeneous, rotationally locked satellites
whose shapes have been measured (14 ). In all
cases, vesc was greatly decreased across most
of the satellite’s surface, because of tidal
effects and nonsphericity (see Table 1). The
effect is largest for the closer-in moons, even
vanishing over portions of Adrastea. Includ-
ing these variations in vesc, dMi/dt is about the
same for Thebe and Amalthea, larger for
Metis, and greatest for tiny Adrastea.

Because the gossamer rings reside deep
within Jupiter’s gravity well and within the
lethal jovian magnetosphere, their microme-

ter-sized grains are rapidly destroyed or
swiftly removed from the system. Lifetimes
for 1-"m particles have been estimated as 102

to 104 years for erosion by sputtering and 104

to 106 years for catastrophic fragmentation
after micrometeoroid bombardment (1, 13).

Circumjovian dust grains evolve orbitally
by several processes. Poynting-Robertson (P-
R) drag, due to momentum transferred from
absorbed solar radiation, induces orbits to
spiral inward over the Poynting-Robertson
time TP-R ( 105r years, where r is the particle
radius in micrometers. Plasma drag, which
pushes grains away from the synchronous
orbital radius Rsyn (15), was estimated to have a
characteristic time scale of (20 to 2000)r years
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Fig. 1. (A) A false-color mosaic of Jupiter’s gossamer rings made from four Galileo images
(41608-8922, -8968, -9022, and -9045). Images were obtained through the clear filter (central
wavelength ( 0.611 "m, passband ( 0.440 "m) from within Jupiter’s shadow (scattering angle
! ( 1° to 3°) at an elevation of 0.15°. Images have been reprojected to a common geometric scale
of 400 km per pixel radially and 200 km per pixel vertically. The logarithm of the brightness is
shown to reduce the dynamic range. In order of increasing brightness, the faint exterior gossamer
material is shown in shades of violet, the Thebe ring in blue-red, the Amalthea ring in red-yellow,
and the saturated main ring and halo in black and white. Each color change represents roughly a
10-fold increase in brightness. The two gossamer rings have crosses showing the four extremes of
the eccentric and inclined motions of Amalthea and Thebe; the full crosses are about 10 times as
large as the positional errors of the satellites or ring tips. The top and bottom edges of both
gossamer rings are twice as bright as their central cores (5), although this feature is subdued by the
logarithmic scale. (B) Jupiter’s gossamer ring at a back-scattering phase angle of 1.1° taken at 2.27
"mwith the Keck 10-m telescope on 14 and 15 August 1997, when Earth’s elevation above the ring
plane was only 0.17°. The 0.6* seeing corresponds to a resolution of 1800 km. The main ring, halo,
and both gossamer components (the Amalthea ring inward of 181,000 km and, feebly, the Thebe
ring inward of 224,000 km) are all apparent; hints of gossamer material are also visible further
outward in the Keck data, albeit barely above the noise level, to the frame’s edge at #257,000 km.
About 200 individual 20-s frames, from the east and west ansae, were aligned and summed after
removing any visible satellites to create this image; later, Jupiter’s scattered light was subtracted.
The geometric scale and coloring scheme are similar to those of (A).
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Dust Composition
Cassini Dust Detector CDA Composition of Enceladus 

Plume Particles

NASA/JPL/Space Science Inst.
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The Enceladus Ocean

„Soda“ Ocean 

Rich in Carbonates

Salinity ~1% (Earth 1...4%)

Postberg et al., Nature, 2009

pH ~ 9
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Ejecta Backtracking

• Meteorite impact 
splashes up  multiple 
ejecta

• Satellite moves relative 
to ejecta:
vi = ve - vsat  (≈Apex)

• Know Starting Position:
x0= f(xi,vi,Qd(ti),ti,...)

Meteorite

vsat
vi

Ejecta

ve

x(t) = f(x0,v0,Qd,Φm,...)

(x0,v0)



CDA Measures Velocity of 
Charged Dust
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17fC

vd = 4.3 km/s      Rd = 0.6 µm



Dust Orbit Reconstruction 

R=18.2μm  Q=5.7fC  Φ=+2.8V 
0RS

0RS

-50RS-100RS

50RS

-50RS

100RS

50RS 100RS

2004-353T08:54

2004-353T08:54

Iapetus

Hyperion

Titan
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SUrface Dust Analyzer (SUDA)

• Mass Spectrometer:

• Mass Resolution ~ 200 (600)

• Electrostatic Mirror:

• Parabolic Grid

• Ring Electrodes

• ± Polarity

• Trajectory Sensor:

• Velocity (1% Uncertainty)

Ejecta 
Particle

Ions
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SUDA Will Collect

Altitude Impact Rate Total Sample #
5000 km 6 per hour 13,000
500 km 7 per minute 1,000,000
200 km 29 per minute 1,400,000

Ganymede Mission Phase:

1 Surface Sample per 35 km2



SUDA Will Collect

During Flybys:
Flyby Impact Rate Total Sample #

Europa 400 km 3 per second 5,800
Callisto 200 km 80 per minute 2,200

Ganymede 300 km 2 per second 3,800

Altitude Impact Rate Total Sample #
5000 km 6 per hour 13,000
500 km 7 per minute 1,000,000
200 km 29 per minute 1,400,000

Ganymede Mission Phase:

1 Surface Sample per 35 km2



SUDA Prototype

SUDA in Dust Accelerator 
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Anorthite
 CaAl2Si2O8
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Hillier et al., GRL, 2012
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Anorthite
 CaAl2Si2O8
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Laser–assisted dispersion spectra of MgSO4 at a concentration of 0.1 ppm in water



SUDA @ Ganymede

Argenine + Water (Cations)

Laser–assisted dispersion cation spectrum of the amino acid arginine (C6H14N4O2) 
dissolved in water at a concentration of 10-4 mol/l.
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SUDA Key Parameters

ResourcesResources Best Estimate + Reserves

Mass
Instrument 7.1 kg

Mass
Additional Shielding 4.6 kg

Power
Nominal Operation 7.1W

Power
Survival Mode 0.4 W

Data Rate < 13 kbit/s
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magnetic or RF field was demonstrated to be 
feasible for FT MS: orbitrap (1, 2). 

Principle 

The orbitrap confines ions in an electrostatic 
quadro-logarithmic potential created between 
carefully shaped coaxial central and outer 
electrodes (Figure 1). Ions are pulsed into the 
device so that they rotate around the central 
electrode and oscillate along it with axial 
frequencies of 200–2000 kHz for m/z of 10–1000. 
The outer electrode is split into two halves to 
allow differential image-current detection. Unlike 
ICR, coherent motion of ion packets is provided 
during the injection process and detection occurs 
immediately after all ions have been injected into 
the trap and after voltage on the central electrode 
has stabilized.  

 
Figure 1: Schematic diagram of an orbitrap, showing ion 
injection (lower left) and subsequent ion trajectory. 
Detection is based on splitting the outer ring electrode at 
the trap middle and detecting the difference in charge 
induced on the two halves. 

The orbitrap axial oscillation frequency is 
independent of ion energy and amplitude and is 
thus ideal for m/z analysis. The axial frequency Ȟz 
depends only upon the ion m/z and the field 
curvature k.  

Ȟz = (ezk/m)1/2/2ʌ.   (1) 

From equation 1, it can be shown that mass-
resolving power is one-half the frequency 
resolving power and is proportional to 1/(m/z)1/2. 
The consequence is that mass-resolving power 
decreases slowly with m/z. 

 The orbitrap typically achieves a mass-resolving 
power of 100,000 at m/z of 400 in a 760-ms 
detection period. Resolving power is limited by 
the observation period duration, the collisions with 

residual gas molecules, and the imperfections in 
the electric field (caused, for example, by the ion 
injection slot and/or inaccuracy of machining), and 

st an order of magnitude higher than 

n the commercial LTQ-
orbitrap XL instrument. 

instability of the high-voltage power supply. 

Accurate exact mass measurement (<2 ppm) is 
maintained for dynamic ranges greater than 5000, 
which is at lea
that for TOF. 

Figure 2 shows an excerpt from complex mixture 
mass spectra recorded o

 
Figure 2: Mass spectrum of complex mixtures illustrating 

d on the future Jupiter orbiter 
SA. 

] Hu, Q. et al. J. Mass Spectrom. (2005) 40, 430. 

 

the exceptional resolution at mass 254.  

Since January 2009, the CNES has funded a R&D 
program to develop a space instrument based on 
the new concept. The analyzer has since been 
chosen as a candidate analyzer in two instruments: 
The Ion Laser Mass Analyzer (ILMA) Instrument, 
proposed on the Mascot lander of the Marco Polo 
NEO sample return mission, and on the Dust 
Detector propose
mission of E
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